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EXTENDED ABSTRACT 
The purpose of t h i s  paper is  t o  present  t h e  r e s u l t s  of our s tudy on t h e  deep- 
l e v e l  d e f e c t s  and recombination mechanisms i n  t h e  one-MeV e l e c t r o n  i r r a d i a t e d  
(A1Ga)As-GaAs s o l a r  c e l l s  under va r ious  i r r a d i a t i o n  and anneal ing condi t ions .  Deep- 
l e v e l  t r a n s i e n t  spectroscopy (DLTS) and capaci tance-vol tage (CV) techniques were used 
t o  determine t h e  d e f e c t  and recombination parameters such as  energy levels and d e f e c t  
d e n s i t y ,  carrier cap tu re  c r o s s  s e c t i o n s  and l i f e t i m e s  f o r  bo th  e l e c t r o n  and ho le  
t r a p s  as w e l l  as ho le  d i f f u s i o n  l eng ths  i n  t h e s e  e l e c t r o n  i r r a d i a t e d  G a A s  s o l a r  
cells .  GaAs s o l a r  cel ls  used i n  t h i s  s tudy w e r e  Frepared by t h e  i n f i n i t e  s o l u t i o n  
m e l t  l i q u i d  phase e p i t a x i a l  (LPE) technique a t  Hughes Research Lab., w i t h  (Alo.gGa0 2 
A s  window l a y e r ,  Be-diffused p-GaAs l a y e r  on Sn-doped n-GaAs o r  undoped n-GaAs actice 
l a y e r  grown on n+-GaAs s u b s t r a t e .  
f a b r i c a t e d  f o r  our  DLTS and CV s tudy.  The Sn-doped n-GaAs active l a y e r  has a dopant 
d e n s i t y  of 5x10I6 ~ m - ~ ,  and t h e  undoped n-GaAs l a y e r  has  a carrier d e n s i t y  of 
1 . 5 ~ 1 0 ~ 5  cm-3. Three d i f f e r e n t  i r r a d i a t i o n  and annea l ing  experiments w e r e  performed 
on t h e s e  s o l a r  cel ls :  (1) one-MeV e l e c t r o n  i r r a d i a t i o n  w a s  done a t  room temperature  
on Sn-doped (A1Ga)As-GaAs s o l a r  ce l l s  f o r  e l e c t r o n  f luences  of 
~ m - ~ ,  and subsequent ly  annealed a t  23OOC f o r  10 ,  20, 30, and 60 minutes.  
type  of G a A s  cel ls  w a s  i r r a d i a t e d  a t  150°C and 2OOOC ceU'S temperature and f luence  of 
1015 cm-2 us ing  two d i f f e r e n t  f l u x  rates (4x1010 e/cm2-s and 2x109 e/cm2-s). (3) 
one-MeV e l e c t r o n  i r r a d i a t i o n  w a s  performed on t h e  undoped GaAs s o l a r  cel ls  a t  200°C 
c e l l ' s  temperature  f o r  f luence  of 1014 and 1015 cm-2. 
made on t h e  cells descr ibed  above, and t h e  r e s u l t s  are discussed next .  
Mesa s t r u c t u r e  w i t h  area of 5 .86~10-4 cm2 w a s  
and 1016 
(2) Same 
DLTS and C-V meqsurements w e r e  
Fig.  1 and Fig.  2 show t h e  DLTS scan  of e l e c t r o n  and ho le  t r a p s  i n  t h e  (A1Ga)As- 
G a A s  cells i r r a d i a t e d  w i t h  1 O I 6  e / c m 2  e l e c t r o n  f luence  and annealed a t  230°C i n  
vacuum f o r  20, 30, and 60 minutes,  r e spec t ive ly .  Three e l e c t r o n  t r a p s  w i t h  ene rg ie s  
of E,-0.31, 0.71, and 0.90 e V  and one ho le  t r a p  wi th  energy of Ev+0.71 e V  w e r e  ob- 
served i n  t h e s e  samples. The DLTS d a t a  showed t h a t  d e n s i t y  of each de fec t  level w a s  
reduced as a r e s u l t  of t h e  230°C thermal  anneal ing.  
has  t h e  l a r g e s t  reduct ion  i n  i t s  d e n s i t y  followed by t h e  230°C annea l ing  f o r  60 min- 
u t e s .  
ho le  t r a p  from t h e  230°C annea l ing  process  ( s e e  Fig. 2) .  A s i m i l a r  r e s u l t  f o r  bo th  
e l e c t r o n  and h o l e  t r a p s  w a s  a l s o  obta ined  f o r  cel ls  i r r a d i a t e d  by t h e  1015 e / c m  
e l e c t r o n  f luence .  Table 1 and t a b l e  2 summarize t h e  r e s u l t s  deduced from t h e  DLTS 
and C-V measurements f o r  t h e  Sn-doped G a A s  s o l a r  c e l l s  i r r a d i a t e d  a t  room temperature  
Note t h a t  t h e  "E3" e l e c t r o n  t r a p  




wi th  f luences  of 1015 and 1016 e/cm2 and annealed a t  
minutes. Hole d i f f u s i o n  l e n g t h s  c a l c u l a t e d  from t h e  
between 1.5 t o  2.44 um f o r  $e  = 1015 e / c m 2  f luence .  
rate and c e l l ' s i r r a d i a t i o n  temperature  on t h e  de fec t  
doped G a A s  cells i r r a d i a t e d  w i t h  1015 e/cm2 f luence .  
t i v e l y  t h e  DLTS scans  of e l e c t r o n  and h o l e  t r a p s  f o r  
i r r a d i a t e d  by 1015 e/cm2 f luence ,  w i th  f l u x  rates of 
2 3 O O C  f o r  20, 30, and 60 
DLTS d a t a  w e r e  found t o  va ry  
The e f f e c t s  of i nc iden t  f l u x  
parameters w e r e  s tud ied  on Sn- 
F ig .  3 and Fig .  4 show respec-  
t h e  Sn-doped G a A s  s o l a r  ce l l s  
4x1010 e/cm2-s and 2x109 e/cm2-s 
and i r r a d i a t e d  a t  150 and 2OOOC ce l l ' s t empera tu re .  The r e s u l t s  show t h a t  t h e  domi- 
nant  e l e c t r o n  t r a p  is  due t o  E,-0.71 e V  l e v e l ,  and t h e  dominant h o l e  t r a p  i s  due t o  
E-fi0.71 eV. The d e n s i t y  f o r  bo th  t r a p s  i nc reases  wi th  inc reas ing  f l u x  rate and 
rzducing c e l l ' s  temperature.  For cel ls  i r r a d i a t e d  a t  4x1010 e / c m 2 - s  f l u x  rate, two 
a d d i t i o n a l  e l e c t r o n  t r a p s  ( i . e . ,  E3 and E5) w e r e  a l s o  de t ec t ed .  The d e f e c t  and 
recombination parameters c a l c u l a t e d  from t h e  DLTS d a t a  f o r  t h e s e  c e l l s  are summarized 
i n  t a b l e  3 and t a b l e  4. Note t h a t  t h e  DLTS d a t a  shown i n  F ig .  1 through Fig .  4 are 
f o r  t h e  Sn-doped G a A s  s o l a r  ce l l s .  The DLTS scans  of e l e c t r o n  and ho le  t r a p s  f o r  t h e  
uiidoped G a A s  s o l a r  cells  i r r a d i a t e d  a t  200°C are shown i n  Fig.  5 and Fig.  6,  respec- 
t i v e l y .  Fig.  5 shows t h e  DLTS scan  of e l e c t r o n  t r a p s  f o r  ce l l s  i r r a d i a t e d  w i t h  1014 
and l G 1 5  e / c m 2  f luence ,  r e s p e c t i v e l y ;  fou r  e l e c t r o n  t r a p s  w i th  ene rg ie s  of E,-0.13, 
0.41, 0.71, and 0.90 e V  w e r e  observed i n  t h e s e  two ce l l s .  Note t h a t  Ec-0.13 e V  and 
E,-0.41 e V  e l e c t r o n  t r a p s  are no t  de t ec t ed  i n  t h e  Sn-doped G a A s  c e l l s  shown i n  F i g . l .  
Fig.  6 Fhows t h e  DLTS scan of ho le  t r a p s  f o r  t h e  same ce l l s  shown i n  Fig.  5; two ho le  
t ra  s wi th  ene rg ie s  of Ev+0.29 and Ev+0.71 e V  w e r e  observed f o r  c e l l s  i r r a d i a t e d  wi th  
los  e/cm2,  and only one ho le  t r a p  wi th  energy of Ev+0.71 e V  w a s  observed i n  1014 
e/cm2 i r r a d i a t e d  c e l l s .  I n  both f i g u r e s  i t  is  noted t h a t  i nc reas ing  e l e c t r o n  f luence  
w i l l  i nc rease  t h e  d e n s i t y  of both e l e c t r o n  and ho le  t r a p s  i n  t h e s e  cel ls .  Defect and 
recombination parameters deduced from t h e  DLTS and C-V d a t a  f o r  ce l l s  shown i n  F ig .  5 
and Pig.  6 are summarized i n  t a b l e  5 and t a b l e  6. Fig.  7 shows t h e  d e f e c t  anneal ing 
rate f o r  t h e  *'E3" e l e c t r o n  t r a p  f o r  e l e c t r o n  f luence  of 1016 e/cm2 and f o r  t h e  "E<' 
e l e c t r o n  t r a p  f o r  e l e c t r o n  f luence  of 1015 e / c m 2 ,  f o r  G a A s  cel ls  shown i n  F ig .  1 and 
t a b l e  1. From t h e  s tudy  of deep-level  d e f e c t s  and t h e i r  anneal ing behavior ,  i t  i s  
concluded t h a t  ( i )  one-MeV e l e c t r o n  i r r a d i a t i o n  on G a A s  c e l l s  grown by t h e  i n f i n i t e  
s o l u t i o n  m e l t  LPE technique w i l l  i n  gene ra l  produce t h r e e  t o  four  e l e c t r o n  t r a p s  and 
one t o  two ho le  t r a p s  i f  t h e  e l e c t r o n  f luence  i s  g r e a t e r  than  1014 e/cm2; ( i i )  d e f e c t  
d e n s i t y  w i l l  i n c r e a s e  wi th  inc reas ing  inc iden t  f l u x  r a t e  and f luence ;  ( i i i )  increas-  
ing  annea l ing  temperature  and annea l ing  t i m e  w i l l  reduce t h e  d e n s i t y  of bo th  e l e c t r o n  
and ho le  t r a p s ;  ( i v )  i nc reas ing  t h e  c e l l ' s  temperature  dur ing  e l e c t r o n  i r r a d i a t i o n  
w i l l  e f f e c t i v e l y  reduce t h e  t r a p  dens i ty ;  (v) low temperature  thermal anneal ing i s  
more e f f e c t i v e  i n  annea l ing  out  t h e  shallower t r a p s  than  t h e  deeper t r a p s ;  ( v i )  t h e  
recombination enhanced annealingLI1 w a s  found t o  be e f f e c t i v e  f o r  reducing t h e  densi-  
t y  of deep-level recombination c e n t e r s ;  ( v i i )  t h e  a c t i v a t i o n  energy f o r  t h e  "E3" 
e l e c t r o n  t r a p  w a s  found s l i g h t l y  d i f f e r e n t  i n  t h e  undoped G a A s  than  t h a t  of t h e  Sn- 
doped G a A s  s o l a r  c e l l s  ( i .e. ,  E,-0.41 e V  vs. Ec-0.31 eV), and ( v i i i )  t h e  (Ev+0.29 eV)  
ho le  t r a p  observed i n  t h e  undoped G a A s  cells  w a s  no t  de t ec t ed  i n  t h e  Sn-doped G a A s  
s o l a r  cel ls  under same i r r a d i a t i o n  condi t ions .  
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Fluence (e/cm 2 ) 
1016 
Unannealed 




3 . 5 ~ 1 0 ~ ~  20min.at230°C Ev+0.71 9 ~ 1 0 ~ ~  
14 
14 
5 . 5 ~ 1 0 ' ~  20min.at  23OoC Ev+0.71 9x10 
30 " " " 6 . 8 ~ 1 0  
60 " " " 3 . 4 ~ 1 0  
30 " " " 6 . 2 ~ 1 0  
60 " " " l . l x l 0  




23OOC f o r  
60 min. 
2 . 7 7 ~ 1 0 - ~  1' 230o~E2  7 .9~10"  1x10-16 - 
4.26x10-' 
1.25x10-' 5 .7~10 '  5. ~ x I O - ~  7.64x10-' 
I?; 1 - 1 - 1 - I 1.04~10-9 mino) E., 1.iX1014 5 . 8 ~ 1 0 - ' ~  3 . 2 ~ 1 0 - ~  
9 . 9 2 ~ 1 0 - ~  Ej 2 . 6 ~ 1 0 ' ~  1.8~10-l~ 4.75x10-' 
4 . 3 9 ~ 1 0 - ~  E4 5 .4x101 5.1x10-' 8 . 0 7 ~ 1 0 - ~  
2 . 9 3 ~ 1 0 - ~  E5 6 . 1 ~ 1 0 ' ~  5 . 8 ~ 1 0 - l ~  5.77~10-' 
1.01x10-~ 2 . 4 ~ 1 0 ' ~  1 . 8 ~ 1 0 - ' ~  5.1~10-~ 
5.41x10-' :; 2 . 5 ~ 1 0 ' ~  5.1~10-'~ 1.6x10-' 
5.68xlO-' E5 3 . 1 ~ 1 0 ' ~  5.8x10-'" 1.14~10-~ 
4.57x10-* E3 7.2~10'~ l.8x10-'4 5 . 6 ~ 1 0 ~ ~  
2.22x10-8 6.45x10-' 
2 . 1 9 ~ 1 0 - ~  1 E5 2.2~lO'~ 5 . 8 ~ 1 0 - l ~  1.6x10-* E4 1.8x101 5 . 1 ~ 1 0 - l ~  
Table. 1 Electron t r a p  parameters in one-MeV e lec t ron  i r r a d i a t e d  (A1Ga)As-GaAs s o l a r  cells  
annealed a t  230 OC f o r  10,20,30, and 60 m i n .  ND = 5 ~ 1 0 ~ 6  cm-3 (Sn-doped n-GaAs) 
Tab le .2  Defect parameters of Hole Traps in one-MeV Elec t ron  I r r a d i a t e d  
(A1Ga)As-GaAs Solar C e l l s  vs .  Anned ing  Time 
le  Trap I 
a (cm') 
4.OlxlO-' 
4 . 0 1 ~ 1 0 '  
Table .3  Electron Trap Parameters vs. Flux Rate i n  one-MeV Electron 
I r r a d i a t e d  (A1Ga)As-GaAs So la r  C e l l s  f o r  $e = 1015 e/cm2 
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Table.4 Hole Trap Parameters VS. Flux Rate in one-MeV Electron 
Irradiated (A1Ga)As-GaAs Solar Cells for $e e/cm2 
Table. 5 Electron and Hole Traps ,in one-MeV Electron 5r 




*Carrier removal rate An/+o = 0.5 cm-'. 
undoped n-CaAs LPE layer. 
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ELECTRON T R A P S  
- I  
I I I I 1 I 
150 ZOO 250 300 350 400 
T ( K )  
Flq. I D L T S  scan of e l e c t r m  t raps  ~n une-MeV e l e c t n n  I r r a d i a t e d  (AlGa)As-GaAs 501ar Celts 
as a f u n c t i o n  of a n n e a l ~ n q  ( 230 "C) t ~ m e .  
E" t 0.71 eV 
H o l e  Traps 
6 = 1 0 1 5  
I .  230 OC 20 m i " .  annealmna 
3. ' 60 " 
2. ' 8  30 ' 8  
e z34.4 5-I P 
Sn-doped n-Ga s 
ND= 5.1016 cm-$ 
I I I I 
150 200 250 300 350 
T (KI 
Fiq 2 D L T S  scan of hole  t r a p s  I" one-MeV electrcin ~ r r a d i a l e d  (AlGa)As-GaAs solar cells 




= 10'5 e/cm2 
I 
E5: Et091 eV 
4 ~ 1 0 ' ~  e/cm2-s 
~ ~ 1 0 9  $ 3  
2x109 " 
Sn-doped n-FpAs 
N~ = 5 x I O  crn 3 V 
I 
E4:E; OUeY 
I 1  I I I 
I 150 200 250 300 350 400 
T ( H I  
F i q .  3 DLTS scan nf  e l e c t r m  traps i n  cme-MeV e l e c t r i n  I r r a d i a t e d  (AIGalAs-GaAs so lar  c e l l s  
YS Incident f l u x  rate  and a n n e a l ~ n q  temperature. 
B : $+ 0.71 eV 
HOLE TRAPS 
ep=34.4 I-' 
+, = l o t s  e/cn2 
Sn-doped n-GaAs 
ND = 5 x I O n 6  
I I I I I I 
150 200 250 300 350 400 
1 ( K )  
F l q .  4 OLTS scan of hole traps t n  one-MeU electrm ~ r r a d i a l e d  (AlGa)As-GaAS solar  cells 
YS incident e lec t ron  f l u x  rate  and anneal~nq lemperalure. 
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I e; 34.4s-' 
I I I I I I 
E3 = E ,  - 0.41 eV 
I 
F i q . 5  DLTS scan of  z lectron traps i n  me-MeV e l e c t r c m  Irradiated ( a t  200 'C) (A IGa)As-GaAs 
S l l l a r  cells as a f u n c r l l i n  o f  e l e c t r , r  f l u e n c e .  
E, + 0 71 eV 
I 
Hiile T r a p s  e :172s-' P 
E" +O 2 9  e!! 
I 
I I I I I I 
100 150 200 250 300 350 
( 0 . 6  OLTS scan d hcrle l r a p s  on ,ne-MeV e l e c t r i r  Irradialed ( a 1  200 'Cl (AlGa)As-GaAs 5 l a r  cells 
T l K l  





E3 = Ec-0.31eV 
E5 = Ec-0.90eV 
x l O - ~  5-1 
\ 
I I I I I I 
0 I O  20 30 40 50 60 
ANNEALING TlHE ( H l N . )  
F i q . 7 A n n e a l i n q  r a l c  o f  E and E eleclrtsn l raps  i n  one-HeV e l e c t r o n  i r r a d i a t e d  
( A I  Ga) AS-GaAs sular3ce I Is . ’  
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